Introduction
============

Excess adipose tissue and obesity predispose to metabolic disease.^[@bib1]^ Adipose tissue is however a heterogenic tissue that can be divided into several depots.^[@bib2]^ Although abdominal subcutaneous adipose tissue (SAT) is quantitatively the most important, visceral adipose tissue (VAT) is more closely linked to metabolic risk.^[@bib3]^ The reasons for this are not entirely clear but may involve regional differences in gene expression as well as fatty acid (FA) handling.

Abdominal SAT can be further subdivided into deep SAT (dSAT) and superficial SAT (sSAT) based on its anatomical relation to a connective tissue layer termed Scarpa's fascia.^[@bib2]^ Some data suggest that there may be differences in gene expression^[@bib4],\ [@bib5]^ and FA metabolism^[@bib6]^ between the two SAT depots. Recently, it was also reported that dSAT harbors more saturated FAs than sSAT as assessed by magnetic resonance imaging spectroscopy^[@bib7]^ or gas chromatography.^[@bib6]^ However, these findings were obtained in rather small study samples that need confirmation in larger populations. In Spanish overweight and obese subjects, there were specific differences in FA composition between omental VAT, perivisceral VAT and SAT.^[@bib8]^ Although some of the differences were related to dietary intake, they also appeared to reflect differences in *de novo* lipogenesis. However, the authors did not investigate dSAT and sSAT.

FAs constitute important receptor agonists that regulate gene expression and thereby tissue function via auto- and/or paracrine mechanisms.^[@bib9]^ In fact, FAs can trigger transcriptional profiles linked to the pathophysiology of obesity, such as inflammation and adipogenesis.^[@bib10]^ Variations in the expression and activity of elongase and desaturase activities may partly explain depot-specific differences in FA composition. FA composition and gene expression have previously been compared between different adipose depots^[@bib6]^, whereas knowledge about the associations between FAs and gene expressions within each depot is lacking.

The aim of the present study was to determine if FA composition, desaturase activity, and the association between FAs and expression of key lipogenic genes differ between the three different abdominal adipose tissue depots in a large sample of obese subjects undergoing laparoscopic gastric bypass surgery.

Materials and methods
=====================

Subjects
--------

Obese women (*n*=75) undergoing laparoscopic Roux-en-Y gastric bypass surgery at Uppsala University Hospital were recruited for the current study. All patients met the national inclusion criteria (body mass index \>35, age 18--60 years and preoperative metabolic evaluation) for bariatric surgery. Exclusion criteria for bariatric surgery were several, and included severe psychiatric disease and uncontrolled binge eating. The mean age of the study population was 39±10 years and body mass index was 41.9±4.5 kg m^−2^. All subjects were assigned a low-calorie diet (LCD) (Modifast, Nutrition&Santé, Revel, France) consisting of 800--1100 kcal per day for 1 month prior to surgery according to national clinical guidelines. The subjects approved participation through written informed consent.

Adipose tissue biopsies
-----------------------

All biopsies were collected during the Roux-en-Y gastric bypass surgery. The biopsies from sSAT and dSAT were obtained from the upper left side of the abdomen, through the opening used for accessing the abdominal cavity with surgical instruments. The VAT biopsies were taken from the greater omentum in conjunction with its division. No complications occurred. All biopsies were immediately snap frozen on dry ice with ethanol and directly transferred to the laboratory for storage in −80 °C until the time of analysis.

FA composition
--------------

Aliquots of the biopsies were used to measure FA composition. Percentages of individual FAs were measured in total adipose tissue triglycerides using gas chromatography as previously described.^[@bib11]^ Stearoyl CoA desaturase (SCD-1) activity was estimated by using product-to-precursor FA ratios, that is, the 16:1n-7/16:0 ratio as well as the 18:1n-9/18:0 ratio, which have been shown in adipose tissue and in very low-density lipoproteins to be reflected by the SCD-1 expression in adipose tissue and liver respectively.^[@bib12],\ [@bib13],\ [@bib14]^

RNA extraction, cDNA synthesis and real-time reverse transcription-PCR
----------------------------------------------------------------------

The real-time reverse transcription-PCR and pre-PCR procedures were performed on a representative subgroup consisting of the 47 patients (38±10 years and 40.4±3.4 kg m^−2^) initially included to the study, as previously described^[@bib15]^ with one exception: the expression was normalized according to the ΔCt method (2^(target\ gene−control\ gene)^) instead of using a standard curve. TaqMan probes from Applied Biosystems, CA, USA were used. The probes targeted the genes SCD-1 (Hs01682761_m1), FASN (Hs01005622_m1), LPL (Hs00173425_m1), HSD11B1 (Hs01547870_m1), TLR4 (Hs00152939_m1), FFAR4 (Hs00699184_m1), PLIN1 (Hs00160173_m1), MLXIPL (Hs00975714_m1), CEBPA (Hs00269972.s1) and LRP10 (Hs00204094_m1). The expression was normalized against LRP10 expression.

Statistical analysis
--------------------

Data are presented as mean±s.d. Before analyses, all variables were checked for normality using the Shapiro−Wilk test. Non-parametric tests were used since many of the variables were not normally distributed even after log transformation. Statistical differences between adipose tissue depots were analyzed with pairwise comparisons of Kruskal−Wallis one-way analysis of variance test. Correlations were analyzed using Spearman's rho. A *P*-value of \<0.05 was regarded statistically significant. All statistical tests were analyzed using IBM SPSS Statistics 22.0 (Armonk, NY, USA).

Results
=======

FA composition in adipose tissue depots
---------------------------------------

[Table 1](#tbl1){ref-type="table"} presents FA composition in the three examined depots. Notably, FA profiles differed mainly between VAT and SAT. The only FAs displaying differential levels between sSAT and dSAT were 18:3n-6 and 20:4n-6, which were slightly lower in dSAT. The most consistent variations between the depots were a significantly lower proportion of non-essential long-chain polyunsaturated FA (PUFA) with ≥20 carbons ([Table 1](#tbl1){ref-type="table"}). The proportions of the essential diet-derived PUFA 18:2n-6 and 18:3n-3, which are also precursors for longer PUFA, were similar between all adipose tissue depots. In addition to this, VAT showed lower 16:0, and higher 16:1n-7.

Gene expression in relation to FA composition
---------------------------------------------

The gene expression differed between the depots but could not explain the regional differences in FA composition. For instance, although *SCD-1* expression was lower in VAT, 16:1 levels were higher (data not shown). Therefore, the FA levels within each depot were compared with the expression of a few key lipogenic genes selected from hypothesis-based interactions with FA composition, that is, genes involved in FA uptake, signaling and metabolism ([Figure 1](#fig1){ref-type="fig"}). The correlation pattern differed between the depots with a distinct pattern for VAT. *SCD-1* expression was consistently associated with estimated SCD activity (including 16:1n-7) in sSAT and dSAT, but not significantly in VAT. Only the correlations with 18:0 and 16:1 with *SCD-1* expression in the SAT depots remained significant after a Bonferroni correction of *P*-values.

The saturation of SAT was predominantly associated with *SCD-1* expression whereas the saturation of VAT was associated with *MLXIPL* expression. Expression of *TLR4* and *FFAR4* were more pronouncedly correlated with FA levels in dSAT in comparison to sSAT and VAT.

Discussion
==========

This is the first study that has compared FA composition and its relationship with the expression of genes involved in desaturation and lipogenesis in all three abdominal adipose tissue depots. We observed differences in FA composition between SAT and VAT but, in contrast to what has been previously suggested,^[@bib6],\ [@bib7]^ sSAT and dSAT displayed similar FA profiles. However, the relationships between FAs and gene expression differed among all depots suggesting some heterogeneity within SAT. The consistently lower proportions of non-essential PUFA in VAT versus the SAT depots have not been reported previously. The fact that essential FAs---18:2n-6 and 18:3n-3---were similar between the depots indicates that the variations in the non-essential PUFA are due to differences in endogenous FA turnover rather than dietary intake.

The FA composition of SAT and omental VAT has previously been investigated in a Mediterranean population.^[@bib8]^ However they did not find clear differences in FA profiles between these depots. These discrepancies might be explained by important differences in the study design, for instance that the subjects in the current study underwent an LCD intervention prior to biopsy. Speculatively, a hypocaloric state may decrease the more easily oxidized PUFA in VAT, a depot which has an elevated lipolytic activity compared with SAT.^[@bib16]^ However, a higher oxidation rate of PUFA does not explain why only the C20 PUFA, but not C18 PUFA were lower in VAT compared with SAT. In fact, 18:3n-3 has been shown to be the most readily oxidized PUFA and would therefore have been expected to be lower in VAT. Also, the sample size of the Mediterranean population (*n*=24) might have been insufficient to detect significant differences^[@bib8]^.

The minor differences between sSAT and dSAT in FA composition and FA−gene expression associations suggest that SAT is rather homogenous. Noteworthy is that the present study compared the sub-depots of SAT in 75 participants compared with 30--43 subjects in previous reports. ^[@bib6],\ [@bib7]^ Thus the statistical power to detect possible differences in FA composition was clearly higher in the current study. Other differences between the studies include the methodology used for assessment of FA composition, and phenotype, that is, gas chromatography versus magnetic resonance imaging and obese versus non-obese, respectively.

We investigated if FA composition associates with gene expression of lipogenic genes, but we could not observe any consistent associations across the depots. Studies have previously shown that gene expression levels vary between the depots studied herein.^[@bib4],\ [@bib17],\ [@bib18]^ Yet, to our knowledge, comparisons of correlations between FA species and gene expressions within the depots are novel. These findings may give insight into why FA composition differs between the depots and/or on the transcriptional regulation mediated by FAs *per se*. In fact, the transcriptional response to stimuli, such as glucocorticoids, differs between VAT and SAT.^[@bib19]^ The SFA/MUFA ratio in SAT associated with *SCD-1* expression is in agreement with previous findings^[@bib12]^ but this relationship was less clear in VAT. This should be taken into consideration when comparing the regulation of FA composition in different depots since the responsible factors may differ. Furthermore, expression levels of *TLR4*, which SFA bind and induce inflammation through^[@bib20]^, were negatively associated with SFA and positively associated with MUFA levels in dSAT but not in the other depots. Speculatively, this may be explained by a protective feature of dSAT against FA induced inflammation. An interesting observation was the correlation pattern across the depots. Although not entirely consistent, SFA exhibited a negative association with lipogenic genes in dSAT and a positive association in VAT with reversed observations for MUFAs. This observation was more apparent concerning the 16:1/16:0, 18:1/18:0 ratios. Similar patterns were observed for 18:3n-6 PUFA. Further, although inconclusive, VAT seemed to be more similar to sSAT than dSAT with regard to associations between FAs and gene expressions.

The link between FA composition, cellular/organ function and metabolism is complex.^[@bib9]^ Firstly, FA composition is not only regulated by endogenous processes but also by diet. Secondly, FA species are ligands to nuclear receptors and modulate cellular processes directly through transcriptional regulation. Hence, the causality between FA levels and gene expression cannot be established in the present cross-sectional study. However, our data may serve as a hypothesis-generating resource for mechanistic studies in cell and/or animal models.

This study had some limitations. First, all participants were females, hence we cannot exclude possible gender differences. Second, all subjects underwent preoperative LCD according to standard clinical protocols. However, compliance to this regimen was not recorded. In addition, it is conceivable that LCD may alter FA composition and gene expression compared with habitual isocaloric diets. However, we find this less likely because previous studies have shown that LCD does not affect fasting NEFA uptake rates in VAT.^[@bib21]^ Finally, the causal link between FAs and gene expression is lacking and warrants further investigation.

In conclusion, our results indicate that FA composition, as well as the link between FA species and expression of certain lipogenic genes differ between SAT and VAT, but with little variation between the SAT sub-depots. We further show that the association between FA composition and key lipogenic gene expression differ between SAT and VAT. Thus, at least in relation to FA composition, SAT can be regarded as a rather homogeneous tissue where the mechanisms regulating FA composition are most likely different from those in VAT.
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###### The relative FA levels (%) within each adipose tissue depot

                                   *FA*     *sSAT*       *dSAT*                                 *oVAT*
  ----------------------------- ----------- ------------ -------------------------------------- --------------------------------------------------------------------
  Lauric acid                      12:0     0.43±0.15    0.48±0.16                              0.57±0.23[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Myristic acid                    14:0     2.79±0.42    2.84±0.46                              2.89±0.50
  Pentadecanoic acid               15:0     0.30±0.06    0.30±0.06                              0.29±0.06
  Palmitic acid                    16:0     21.75±1.66   21.92±1.68                             20.63±1.61[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Palmitoleic acid                16:1n-7   5.22±1.41    4.93±1.52                              5.81±1.52[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Margaric acid                    17:0     0.20±0.04    0.20±0.05                              0.19±0.04
  Stearic acid                     18:0     2.94±0.66    2.94±0.81                              2.97±0.75
  Oleic acid                      18:1n-9   53.28±1.93   53.49±2.02                             54.25±2.14[a](#t1-fn2){ref-type="fn"}
  Linoleic acid                   18:2n-6   10.33±1.32   10.20±1.36                             10.14±1.32
  γ-Linolenic acid                18:3n-6   0.11±0.02    0.10±0.02[a](#t1-fn2){ref-type="fn"}   0.10±0.02
  α-Linolenic acid                18:3n-3   1.09±0.23    1.09±0.24                              1.09±0.25
  Di-homo-γ linolenic acid        20:3n-6   0.31±0.10    0.31±0.10                              0.18±0.08[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Arachidonic acid                20:4n-6   0.48±0.09    0.45±0.09[a](#t1-fn2){ref-type="fn"}   0.27±0.08[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Eicosapentaenoic acid           20:5n-3   0.13±0.04    0.12±0.04                              0.10±0.03[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Docosatetraenoic acid           22:4n-6   0.17±0.05    0.19±0.06                              0.13±0.05[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Docosapentaenoic acid           22:5n-3   0.29±0.08    0.30±0.09                              0.23±0.09[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Docosahexaenoic acid            22:6n-3   0.17±0.07    0.17±0.08                              0.14±0.08[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  SCD activity index             16:1/16:0  0.24±0.07    0.23±0,08                              0.28±0.08[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Saturated fatty acids             SFA     28.42±2.35   28.67±2.59                             27.55±2.34[b](#t1-fn3){ref-type="fn"}
  Monounsaturated fatty acids      MUFA     58.50±2.49   58.42±2.72                             60.07±2.53[a,](#t1-fn2){ref-type="fn"},[b](#t1-fn3){ref-type="fn"}
  Polyunsaturated fatty acids      PUFA     13.08±1.59   12.91±1.60                             12.36±1.58[a](#t1-fn2){ref-type="fn"}

Abbreviations: dSAT, deep subcutaneous adipose tissue; FA, fatty acids; oVAT, omental visceral adipose tissue; SCD, stearoyl CoA desaturase; sSAT, superficial subcutaneous adipose tissue.

Significant differences differs from sSAT.

Differs from dSAT.

*P*\<0.05 were considered as a significant.

Data presented as mean±s.d.
